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The muscle attachment site (MAS) in Drosophila provides a unique and excellent model system to study the mechanism
of cell±matrix adhesion in developing organisms. Here, we report on the isolation and characterization of a novel extracellu-
lar matrix (ECM) molecule localized at the MAS, encoded by the M-spondin (mspo) gene. M-spondin protein contains a
thrombospondin type I repeat (TSR) previously found in a variety of ECM molecules. Furthermore, it shares two conserved
domains with F-spondin, a vertebrate ECM molecule with TSRs. The presence of TSR(s) and the two homologous domains
thus de®nes a novel gene family of ECM molecules. The mspo mRNA was expressed by a large subset of muscles in the
embryonic body wall. Secreted M-spondin protein diffused and eventually became immobilized at the MAS in late embryos.
When expressed in S2 cells, the protein was secreted and became concentrated in the matrix on the surface of the culture
dish. Genetic analysis revealed that both deletion mutants and misexpression mutants suffered no obvious developmental
defects. We propose that M-spondin, although its function is redundant, is a component of the ECM and mediates mechani-
cal linkage between the muscles and apodemes. q 1997 Academic Press
INTRODUCTION and PS2 (aPS2bPS) integrins are both heterodimeric cell sur-
face receptors that consist of identical b subunit but differ-
Larval somatic musculature in Drosophila is composed ent a subunits. The aPS1 subunit is encoded by the multiple
of 30 muscle ®bers in each abdominal hemisegment. During edematous wings (mew) gene; aPS2 , by the in¯ated (if) gene;
embryogenesis, myoblasts differentiate into syncytial myo- and the common bPS subunit by the myospheroid (mys)
tubes through consecutive steps of proliferation, migration, gene. At the MASs, PS1, and PS2 integrins are expressed
and fusion (for review see Bate, 1993). Each muscle ®ber is differentially on opposing cell surfaces; the PS1 on the apo-
then anchored tightly to specialized epidermal cells (apo- deme cells and the PS2 on the adjacent muscles. In the
demes) at junctions called muscle attachment sites (MASs). absence of mys or if gene, MASs fail to sustain muscle
The formation of MAS consists of the following sequential contraction and display the so-called myospheroid pheno-
events: speci®cation of apodemes (Frommer et al., 1996), type in which the muscles pull out from their insertion
guidance of the elongating myotubes toward speci®c inser- sites and round up into spheres. On the other hand, there
tion sites by apodemes (Volk and VijayRaghavan, 1994), are no obvious defects in the MASs of mew embryos (Brower
MAS selection by muscle ®lopodia (Callahan et al., 1996), et al., 1995).
modulation of cytoskeleton in myotubes (Buttgereit, 1993), It has been proposed that PS1 and PS2 integrins interact
and stabilization of MAS (Brown et al., 1993, Gotwals et via extracellular matrix (ECM) proteins present at the mus-
al., 1994b, Murugasu-Oei et al., 1995). cle-apodeme interface to support mechanical stability of the
Previous genetic analysis showed the crucial roles for PS MAS (PS1-ECM-PS2 connection model, Neuman and
integrins in the stabilization of MAS (for reviews see Brown Wright, 1981; Gotwals et al., 1994b). There have been sev-
et al., 1993; Gotwals et al., 1994b). Drosophila PS1 (aPS1bPS) eral descriptions of ECM molecules localized at the MAS,
including laminin, tiggrin, type IV collagen, a tenascin ho-
molog tenm, glutactin, slit (for review see Fessler et al.,1 To whom correspondence and reprint requests should be ad-
dressed. E-mail: nose@nibb.ac.jp. 1994), and masquerade (Murugasu-Oei et al., 1995). Of
165
0012-1606/97 $25.00
Copyright q 1997 by Academic Press
All rights of reproduction in any form reserved.
AID DB 8591 / 6x25$$$$81 06-04-97 21:42:14 dbal
166 Umemiya, Takeichi, and Nose
dideoxy chain reaction and an autosequencer (ABI). A homologythese, laminin and tiggrin were shown to function as a li-
search was conducted using the BLAST Network Service. Othergand for PS1 and PS2 integrin, respectively (Gotwals et al.,
molecular biological techniques were performed using standard1994a, Fogerty et al., 1994). However, genetic analysis of
methods.laminin A (Henchcliffe et al., 1993; Yarnitzky and Volk,
In situ hybridization. In situ hybridization to RNA in whole-1995) or other ECM molecules (e.g., masquerade, Muru-
mount embryos was performed as described (Lehmann and Tautz,gasu-Oei et al., 1995) reported to date revealed a relatively
1994). The digoxigenin-labeled RNA probe corresponding to the 5*-
mild phenotype in the formation of the MASs. For exam- most 0.6 kb of the mspo cDNA (No. 9) was hybridized with em-
ples, in laminin A null embryos, a majority of muscle ®bers bryos, and signals were detected with anti-digoxigenin antibodies
was inserted at their MASs normally, although defects were and alkaline phosphatase immunostaining using a DIG RNA label-
seen in the extension of some ventral muscle ®bers. In the ing and detection kit from Boehringer.
mutant embryos lacking the masquerade gene, which en- Generation of antibodies. A bacterial GST±mspo fusion gene
was constructed by inserting a 604-bp EcoRI±SalI fragment of mspocodes a serine protease-like molecule, a myosheroid pheno-
cDNA, including the FS1 domain, into the pGEX4T-3 plasmidtype similar to that seen in mys or if mutants was observed;
(Pharmacia). Fusion protein was prepared by making an extract ofhowever, the expressivity of the phenotype was much less
puri®ed inclusion bodies. For immunization of rats, 5 mg of proteincompared with that of mys or if. These and other studies
was emulsi®ed with RIBI adjuvant (Immunochem Research). Rats(e.g., Fogerty et al., 1994) led to the suggestion that multiple
were subsequently injected at 3-week intervals. One week after theECM components are involved in the stabilization of the
®fth injection, the serum was collected and used for this analysis.
muscle attachment and that their functions are partially The speci®city of the antisera was con®rmed by the lack of staining
overlapping. in the mspo mutant embryos.
In this study, we report on the cloning and characteriza- Transfection of S2 cells and protein analysis. For the expres-
tion of a novel secretory protein localized at the MASs, sion of M-spondin in S2 cells, 2.6-kb mspo cDNA with the entire
encoded by the M-spondin (mspo) gene. M-spondin contains open reading frame was cloned into the EcoRV and KpnI sites of
a thrombospondin type I repeat (TSR) and two novel do- pRmHa3. The resultant plasmid, pRmHa3±mspo, was cotrans-
fected by lipofection into S2 cells with the plasmid pPC4, whichmains with striking similarity to domains in vertebrate F-
confers a-amanitin resistance, as previously described (Nose et al.,spondin (Klar et al., 1992). F-spondin is an ECM protein
1992). After amanitin selection, approximately 106 transfected cellsexpressed at high levels by the ¯oor plate of the neuroecto-
were cultured for 40 hr in 10 ml of culture medium containingderm and has been shown to promote neural cell adhesion
0.7 mM CuSO4 in plastic culture ¯asks (25 cm2, 3813, Falcon). Theand neurite extension in vitro. The identi®cation of the two
cell lysate was prepared by dissolving the whole cells in the culturenovel conserved domains thus de®nes a novel gene family
(harvested by centrifugation) in 210 ml of SDS loading buffer. The
of ECM molecules with potential roles in cell adhesion. matrix proteins deposited on the surface of the culture ¯ask were
During embryonic development, M-spondin is synthesized liberated into 500 ml of SDS loading buffer, after removal of the cells
by muscle cells and deposited on the MASs. When expressed and cell debris by extensive washing with PBS. For immunoblot
in S2 cells, the protein is secreted and becomes concentrated analysis, 15 ml of the cell lysate or the matrix preparation was
in the matrix on the surface of the culture dish. These re- loaded per lane. By comparing the signal strength and calculating
what portion of the proteins present in the whole culture had beensults suggest that M-spondin protein is one of the ECM
loaded, we estimated that the total amount of the protein depositedcomponents mediating the mechanical linkage between the
on the matrix was at least 6 times larger than that present withinmuscle and the apodeme.
the cells. Immunoprecipitation of the conditioned medium was
performed by incubation with anti-Mspo antibody followed by the
precipitation of the immune complexes with anti-rat IgG-conju-
MATERIALS AND METHODS gated agarose (SIGMA).
Antibody staining. Staged embryos were dechorionated, ®xed,
devitellinized, and stained by standard methods of horse-radish per-Drosophila stocks. Canton S was used as the wild-type strain.
oxidase immunohistochemistry (Nose et al., 1992; Patel, 1994).The PS integrin mutants used in this study were mys; Df(1)C128/
Primary antibodies used were anti-b-galactosidase (rabbit SAb,FM6 (Lindsley and Zimm, 1992) and if; ifk27e, f36a/FM6 (Roote and
Cappel), anti-MSPO (rat SAb), anti-Connectin (mouse SAb; NoseZusman, 1995; kindly provided by C. Hama). Hemizygote embryos
et al., 1992), anti-Fasciclin II (FasII; mouse MAb 1D4; Van Vactorwere selected by the absence of immunoreactivity for PS integrins
et al., 1993), mouse MAb 22C10 (Fujita et al., 1982), mouse MAband by their phenotypes (e.g., dorsal herniation and defects in ven-
BP102 (Patel, 1994), and anti-PS2 integrin (rat MAb aBG1; Hiranotral nerve cord retraction).
et al., 1991). For enhanced detection, a Vector Elite ABC kit wasCloning and sequencing. DNA sequences ¯anking the P-ele-
used. Some of the stained embryos were dissected to make ®lletment insertion point in the AN34 line were recovered by the plas-
preparations. The preparations were examined and photographedmid rescue method (Wilson et al., 1989). Overlapping phage clones
with a Zeiss Axiophot microscope equipped with differential inter-that together spanned 50 kb of the mspo genomic region were
face contrast (DIC) optics. Staging of embryos was according toisolated initially by use of the rescued sequence as a probe and
Hartenstein (1993).subsequently by a genomic walk. The mspo cDNAs were isolated
Excision mutagenesis. To isolate imprecise excision lines, theby screening cDNA libraries made from 9±12 hr (Zinn et al., 1988)
P[w/, lacZ] in the isogenized AN34 line was mobilized by hybridor 13±16 hr (A.N., unpublished data) embryos with 3.4-kb genomic
disgenesis, and 200 w0 progeny were used to establish stocks. Geno-sequences 3* to the P-element insertion site as a probe. One of the
mic DNA of mutant strains was analyzed by triplex PCR to deter-cDNAs (No. 9) was subcloned into pBLSC SK(/) (Stratagene) and
subsequently completely sequenced by use of the Taq polymerase mine the molecular nature of the excision events (Kania et al.,
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1993). The primers used were the 22 bp of the P-element inverted the longest cDNA of 2565 bases (Fig. 2A). One open reading
repeat 5*CACCTTATGTTATTTCATCATG3* and two sequences frame, extending from nucleotide 346 to 2142, was found.
located 250 bp upstream and 750 bp downstream of the P-element The nucleotide sequence around the ®rst translational ini-
insertion in the AN34 line, 5*AAGCTTAACATCAACCTAG- tiating codon (CGAAATGG) matched well with the con-
TGG3* and 5*TCCAGTAGGTGTGCAAGACGAC3*, respectively. sensus sequence for Drosophila translational start sites (C/
The breakpoints of mspo deletion mutants were determined by
AAAA/CATGG; Cavener, 1987). Sequences 5* to the puta-Southern blot analysis.
tive translation initiation site contained stop codons in allmspo misexpression. To direct ectopic and increased expres-
three frames. The ®rst methionine of the ORF was followedsion of M-spondin in all muscles, we employed two approaches.
by 24 hydrophobic amino acids, a characteristic feature ofFirst, we generated transgenic lines carrying the mspo transgene
under the control of a heterologous promoter from the muscle Myo- a signal sequence (Fig. 2B). No other long stretches of hy-
sin heavy chain gene (Mhc*, Hess et al., 1989), which drives expres- drophobic residues were observed, suggesting that the pro-
sion in all muscles from stage 14. Second, we took advantage of tein does not possess other membrane spanning domains.
the GAL4-UAS transactivation system (Brand and Perrimon, 1993). In addition, the predicted protein contained six potential
The UAS-mspo insertion strain was crossed to the 24B-gal4 strain N-linked glycosylation sites. Collectively, these features
that drives expression in the mesoderm from stage 10 and subse- suggest that this cDNA encodes a secretory protein.
quently in all somatic muscles (Luo et al., 1994).
Homology search of the GenBank data base revealed threeAn expression construct, pCaSper-Mhc*-mspo, containing the
domains with striking similarity to domains in rat (Klar etpromoter region of the Myosin heavy chain gene, mspo cDNA, and
al., 1992), Xenopus (Ruiz i Altaba et al., 1993), and C. eleg-SV40 polyadenylation site, in a pCaSper vector, was constructed
ans (direct submission to GenBank) F-spondins (Fig. 3). F-in the following way: A KpnI site was ®rst introduced via the PCR
technique immediately 3* to the translation termination site in spondin was originally isolated from rat embryos as a se-
the mspo cDNA. A 2.2-kb EcoRV±KpnI fragment of mspo cDNA creted glycoprotein expressed at high levels in the ¯oor
containing the entire ORF was inserted into the EcoRV±KpnI sites plate and was shown in vitro to promote neural cell adhe-
of BLSC-Mhc* (Chiba et al., 1995) to make BLSC-Mhc*-mspo. A sion and neurite outgrowth (Klar et al., 1992). The ®rst two
blunted XbaI±KpnI fragment was then inserted into the blunted conserved domains of M-spondin protein, termed FS1 and
XhoI±KpnI sites of pCaSper2/17 (Nose et al., 1994) to form FS2, were novel and unique, thus de®ning a novel gene
pCaSper-Mhc*-mspo. For construction of pUAS-mspo, a 2.2-kb
family of extracellular proteins (Figs. 3A and 3B). The thirdNotI±KpnI fragment of mspo cDNA containing the entire ORF was
domain was a known motif called the thrombospondin typeinserted into the P-element transformation vector, pUAST (Brand
I repeat (TSR, Fig. 3C); M-spondin contained only one TSR,and Perrimon, 1993). Individual constructs were introduced into yw
whereas six tandem arrays of this motif are present in F-¯ies by germline transformation according to the standard protocol
(Spradling and Rubin, 1982). spondin. TSRs were ®rst identi®ed in vertebrate ECM pro-
teins thrombospondin I and II and later found in a variety
of proteins including proteins C6±C9 of the complement
cascade, the complement-binding protein properdin, and C.RESULTS
elegans axon guidance molecule Unc-5 (for review,
Bornstein and Sage, 1994; Bornstein, 1995). Furthermore,cDNA Cloning and Sequence Analysis of
related motifs are present in the malarial circumsporozoiteM-Spondin
(CS) protein, which appear to mediate the binding of malar-
ial sporozoites to host cells. Among TSRs found in the vari-The M-spondin (mspo) gene was identi®ed by analysis of
an enhancer trap line, AN34, which was isolated for the ous molecules, that of M-spondin was most similar to the
®fth repeat of F-spondin.reporter expression in speci®c subsets of muscles and neu-
rons (KlaÈmbt et al., 1991; Nose et al., 1992). The P-element
insertion in AN34 line maps by polytene chromosome in
Expression Pattern of M-Spondin mRNAsitu hybridization to cytological position 51C on the right
arm of the second chromosome. By standard methods (see To examine the spatiotemporal pattern of mspo mRNA,
we conducted whole mount in situ hybridization. ThereMaterials and Methods), 50-kb genomic DNA sequence
¯anking the P element insertion site was isolated. In this was no maternal component of mspo transcripts. The zy-
gotic expression was ®rst detected in segmentally repeatedregion, a single transcription unit of approximately 3 kb
was detected by Northern blot analysis of embryonic patches of cells in the developing central nervous system
(CNS) and/or in the mesoderm at stage 10 (Fig. 4A). Duringpoly(A)/ RNA (data not shown), and the corresponding
cDNA clones were subsequently isolated. This transcript the germ band retraction (stage 12), this early expression
decayed, and a second wave of mRNA expression com-was expressed in a similar manner to the LacZ immunoreac-
tivity in the AN34 line (data not shown, see below). By menced at stage 13 (Fig. 4B). The most prominent signal
was detected in the precursor for muscle 18. Slightly latercomparison of the genomic sequences between AN34 line
and wild type, the P element insertion site was mapped to (stage 14), subsets of other muscle ®bers also began to ex-
press mspo mRNA at a weaker level (Fig. 4E). At stage 1620 bp upstream of the 5* terminus of the cDNAs. The
organization of the mspo transcription unit relative to the when the mature pattern of musculature was achieved,
mspo mRNA was detected in muscles 6, 7, 11, 18, 19, 21±genomic DNA is summarized in Fig. 1.
The complete nucleotide sequence was determined for 24, 26, 27 at a similar level (Fig. 4F). The expression in
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FIG. 1. Schematic representation of the M-spondin gene, its transcript, and the lesion associated with a P-element-mediated deletion
mutant. (Top) EcoRI and XhoI restriction sites in the genomic DNA are indicated on the line below the scale. The P-element insertion
site was arbitrarily chosen as point zero. (Middle) The approximate positions of the four major exons, mapped by comparison of the
cDNAs and genomic clones, are indicated. The ®rst exon contains the putative translation initiation site. (Bottom) The molecular extent
of the deletion in an imprecise excision line, mspoc26, is indicated. This allele represents a null mutation.
somatic muscles faded away toward the end of the em- mspo mRNA-expressing cells, we detected protein expres-
sion in muscles 18 only, where the highest level of mspobryogenesis. Apart from the somatic muscles, pharyngeal
muscles and heart muscle precursors also expressed mspo mRNA was expressed. The staining could be seen as granu-
lar signals in these muscles from stage 14 (Fig. 5A). NomRNA (data not shown).
mspo mRNA was also expressed in subsets of cells in the staining could be detected in other cells in the musculature
or in the nervous system that expressed mspo mRNA. OnCNS and peripheral nervous system (PNS). In the CNS, the
transcript was detected in a small number of neurons in the the other hand, strong immunoreactivity was seen localized
at the muscle attachment sites (MASs) at stage 15 and there-ventral nerve cord and brain at stage 13 (Fig. 4C). At later
stages, a larger subset of cells in the CNS expressed mspo after (Figs. 5B and 5E). The MAS is a structure where each
end of muscle ®bers is inserted and connected tightly tomRNA (Fig. 4D). In the PNS, a small number of neurons
including the lateral chordotonal neurons (Ich 5) and dorsal the apodemes, specialized epidermal cells, via the ECM de-
posited between these adjacent cells. MASs for longitudinalbipolar dendrite neurons (dbd) expressed mspo mRNA (data
not shown). The expression in the CNS persisted through- muscles are located along the segment border, whereas
those for pleural muscles are formed at more discrete re-out larval development (data not shown). These results
show that mspo expression is dynamically regulated in the gions in the body wall. Strong M-spondin staining was seen
in the attachment sites of all somatic muscles, with noembryonic muscles and the nervous system.
close correlation with the location of muscle 18 or other
cells that expressed mspo mRNA. These results suggest that
M-Spondin Protein Localized to the Muscle M-spondin protein is secreted by muscles 18 and/or other
Attachment Sites cells where it is produced, diffuses, and selectively accumu-
lates at the MASs. Such discrepancy between the distribu-We then studied the tissue distribution of M-spondin pro-
tein by immunostaining with anti-MSPO antibody. The tion of the mRNA and the protein was also reported for
other ECM molecules in Drosophila (see Discussion).binding speci®city of the antibody was con®rmed by the
absence of signals in mspo null mutants (see below, Fig. Secretion and selective deposition at the MASs of M-
spondin was further supported by the protein localization5C). We found that the localization of M-spondin protein
differed signi®cantly from that of its mRNA. Among the in embryos that ectopically expressed mspo at high levels
FIG. 2. Sequence and hydropathy analysis of M-spondin cDNA. (A) Nucleotide and deduced amino acid sequences of a M-spondin cDNA
(No. 9; GenBank Accession No., AF000178). The numbering of amino acids starts at the ®rst methionine of the ORF. Underlined N-
terminal residues indicates the putative signal sequence. Bent arrows denote the boundaries of conserved domains FS1, FS2, and TSR. (B)
Hydropathy plot using the algorithm of Kyte and Doolittle (1982), drawn to scale with the schematic primary structure shown below it.
Positive values indicate hydrophobic residues. Potential sites of N-glycosylation are boxed in A and are shown as circles in B.
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FIG. 3. Structure of the M-spondin protein and comparison of its FS1, FS2, and TSR domains with those of F-spondin. (A±C) Optimal
alignments of the domains FS1 (A), FS2 (B), and thrombospondin type I repeats (TSRs; C), from Drosophila M-spondin, rat F-spondin, and
C. elegans F10E7.4. Identical residues are shaded. The positions of the ®rst and last amino acid of each domain are shown on the left.
The percentage identity with Drosophila M-spondin is shown on the right in A and B. Consensus sequences of TSRs from thrombospondin
1, thrombospondin 2, properdin, and plasmodium CS are also aligned at the bottom in C. (D) A schematic diagram showing the domain
structure of Drosophila M-spondin, rat F-spondin, and C. elegans F10E7.4.
FIG. 4. Developmental expression of mspo mRNA visualized by RNA in situ hybridization to whole mount wild-type embryos. Embryonic
stage, according to Hartenstein (1993), is indicated in each panel. Anterior is to the left in all panels. (A and B) lateral view. Dorsal is up.
mspo transcripts are ®rst detected in segmentally repeated patches of cells in the developing CNS and/or in the mesoderm from stage 10.
Inset in A shows a ventral view of a dissected embryo (the arrow indicates the ventral midline). At stage 13, strong expression is seen in
a single cell per hemisegment (arrowheads in B), the precursor cell for muscle 18. Heart precursors and pharyngeal muscles are also labeled
(out of focus). (C and D) ventral view showing the expression in the CNS. Transcripts are detected in a small number of neurons in the
ventral nerve cord at stage 13. Many more cells express mspo mRNA at stage 16. (E and F) Higher magni®cation view of somatic
musculature in dissected embryos. Dorsal is up. At stage 14, prominent and strong signals are seen in muscles 18 (arrowheads). At stage
16, more muscle ®bers express mspo mRNA at a lower level. Scale bar, 100 mm in A±D, 24 mm in E and F, 60 mm in the inset in A.
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FIG. 5. M-spondin protein is selectively localized at the muscle attachment sites (MASs). The M-spondin protein distribution was
visualized by horseradish peroxidase immunocytochemistry utilizing anti-MSPO antibodies. Embryonic stage, genotype, and the protein
labeled are indicated in each panel. (A±D and G) dissected embryos viewed from inside of the somatic muscles. Anterior is left, dorsal is
up. (E and F) Optical section of whole-mount embryos. (A, B, and E) Wild-type embryos stained with anti-MSPO antibodies. At stage 14,
MSPO protein can be detected as granular signals in muscles 18 (arrows in A). Toward the end of embryogenesis, strong staining can be
seen at the MASs of longitudinal and oblique muscles along the segment border (arrowheads in B and E). More discrete attachment sites
of pleural muscles are also stained but out of focus in B. (C) Stage 16 mspo null mutant embryos stained with anti-MSPO antibodies.
Positive staining at the MASs is absent. (D) Stage 16 mspo null embryos stained with anti-PS2 integrin antibodies. Normal staining at
the MASs can be seen (arrowheads). (F) Optical section of a stage 17 mysDf embryo stained with anti-MSPO antibodies. Although some
muscle attachments have become disconnected in mys-de®cient embryos (compare with wild type in E), the residual muscle attachment
sites are labeled by anti-MSPO antibodies (arrowheads). (G) Stage 16 24B-gal4; UAS-mspo embryos stained with anti-MSPO antibodies.
Note the granular signals of MSPO immunoreactivity in all myotubes. Even when ectopically expressed, M-spondin protein seems to be
preferentially immobilized at the MASs. Note much stronger signal at the MASs (arrowheads) than that in wild type (B). Scale bar: 35
mm in A±D and G; 43 mm in E and F.
in all muscles (see below). In these embryos, the granular freely in the hemolymph, and eventually becomes immobi-
lized at the MAS.staining, similar to that seen in muscle 18 in wild-type
embryos, could be seen in all somatic muscle ®bers (Fig. The selective accumulation of M-spondin suggests the
presence of speci®c receptor(s) at the MAS, to which M-5G). However, much stronger signal was seen localized at
the MASs. These results suggest that wherever it is pro- spondin directly binds. Another possibility is that M-spon-
din may intermingle and form a complex with other ECMduced, M-spondin protein is secreted by the cells, diffuses
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This band was not present in the transfected cells without
induction or in parental S2 cells. Hence, we concluded that
this 70-kDa protein corresponds to the M-spondin product.
The apparent molecular weight determined by SDS±PAGE
(70 kDa) was slightly greater than that predicted from the
amino acid sequence (65 kDa), suggesting that the protein
may be glycosylated. The same 70-kDa band was also de-FIG. 6. Secretion and ECM association of M-spondin expressed
tected in the immunoprecipitate obtained from the cultureby cultured cells. mspo cDNA under the control of metallothionein
medium conditioned by the induced cells (Fig. 6B), indicat-promoter was transfected to the Drosophila S2 cells. After 40-hr
culture period in the presence (/) and absence (0) of Cu2/, the ing that M-spondin protein was released into the culture
protein samples were recovered from the cells (A), the conditioned medium. Furthermore, a signi®cant fraction of the secreted
culture medium (B), and the matrix materials on the surface of the M-spondin appears to become associated with the extracel-
culture dish (C), and were examined by immunoblot analysis with lular matrix, since a large amount of the protein could be
anti-MSPO antibodies. Positions of the molecular weight markers solubilized from the surface of the culture dish (Fig. 6C).
are shown on the left. (A) Whole cell lysates of S2 cell transfectants.
We estimated that the total amount of the protein depositedThe protein of molecular weight 70 kDa was detected in response to
on the matrix during the 40 hr culture period was at leastCu2/ induction. (B) Immunoprecipitates from conditioned medium
6 times higher than that present within the cells at theobtained with anti-MSPO antibodies. The protein with the same
time of the recovery. These results are consistent with themobility was detected, indicating that M-spondin protein can be
hypothesis that M-spondin functions as an extracellular ma-exported from the cells in which it is produced. (C) A robust band
of the 70-kDa M-spondin protein can be detected in the matrix trix molecule.
materials deposited by the S2 transfectants in culture.
Genetic Analysis of mspo Revealed No Overt
molecules assembled at the MAS. As we mentioned in the Phenotypes
Introduction, PS integrins have been shown to be cellular
So far, genetic analysis has not led to the direct evidencereceptors responsible for muscle attachment stability.
of any biological functions of M-spondin in vivo. We gener-Therefore, to test whether the preferred deposition of M-
ated a series of mspo deletion mutants by P-element-medi-spondin at the MAS depends on PS integrins, the distribu-
ated imprecise excisions. One such allele, mspoc26, wastion of the protein was analyzed in the mys de®ciency em-
found to contain a deletion of 3 kb that uncovered thebryos, which fail to synthesize both PS1 and PS2 integrins
translational start site of M-spondin (Fig. 1). We assumeddue to the lack of the common bPS chain. Initial formation of this allele as null, because the mutant embryos displayedMASs normally occurs in mys embryos, although muscles
no expression of M-spondin transcripts (data not shown) orsubsequently detach at the onset of contractile movement.
proteins (Fig. 5C). mspoc26 homozygotes were viable andM-spondin was normally localized at the residual muscle
fully reproductive, indicating that mspo gene is not requiredinsertions (Fig. 5F). This was also the case for amorphic
for vital functions.mutants of the aPS2 subunit (if k27e, data not shown). Con- In spite of the highly restricted expression of M-spondinversely, in the mspo null embryos, the expression of PS
at the MASs, no apparent abnormality was found in theintegrins at the MASs was also normal (Fig. 5D, see below).
development and morphology of muscles as visualized byThus we concluded that PS integrins are not required for
DIC (Fig. 5C) or by muscle-speci®c MAb (data not shown);the proper localization of M-spondin and vice versa.
they formed at correct locations with their normal insertion
sites. As mentioned above, the expression of PS integrins
Secretion and ECM Association of M-Spondin in at the MASs was also normal (Fig. 5D). Since mspo mRNA
Cultured Cells was expressed in subsets of neurons, and the rat homolog
F-spondin had been implicated in neural cell adhesion andTo obtain direct biochemical evidence that M-spondin is
secreted, we investigated the protein localization in tissue neurite extension in vitro, we also examined the CNS and
PNS in the mutant. No obvious abnormalities were seen inculture cells. The mspo cDNA was cloned into an expres-
sion vector downstream of the metallothionein promoter, the formation of neurons and their axon trajectories in the
CNS and in the periphery as visualized by a battery of spe-and cotransfected into Drosophila S2 cells with a Drosoph-
ila a-amanitin-resistant RNA polymerase II gene (see Mate- ci®c markers (anti-Fasciclin II, anti-Connectin, MAb BP102,
MAb 22C10).rials and Methods for detail). After selection with a-amani-
tin, the transfected cells were cultured for 40 hr in the We also studied the effect of the ectopic and increased
expression of M-spondin in all muscles, by generatingpresence or absence of Cu2/, the inducer of the metallothio-
nein promoter. The presence of the M-spondin protein in transgenic lines in which M-spondin was expressed under
the control of muscle myosin heavy chain promoter (Mhc*-the transfected cells, in the conditioned culture medium,
and in the matrix materials on the surface of the culture mspo), or by using the GAL4-UAS system (24B-gal4; UAS-
mspo, see Materials and Methods for details). As mentioneddish, was then examined by immunoblot analysis with anti-
MSPO antibody. A single band of 70 kDa was detected in above, even when ectopically expressed by muscles that do
not normally express mspo, the protein product appearedthe protein extract prepared from the induced cells (Fig. 6A).
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to diffuse and eventually become trapped at the MASs (Fig. sion to GenBank). Interestingly, all these genes share the
same molecular organization consisting of a signal se-5G). Thus, the restricted localization of M-spondin at the
MAS remained essentially unchanged in these embryos, al- quence, one each of FS1 and FS2 domains, and one to six
TSR(s). These genes thus constitute the expanding F-spon-though the amount was much larger. This increase in the
level of M-spondin did not affect the morphology of muscles din superfamily of putative ECM molecules conserved be-
yond phylogenic differences. Uncovering the speci®c func-or the formation of muscle insertions. Also, no gross abnor-
malities were seen in the CNS or in the PNS. tion of each family member awaits future experimental
analysis.
DISCUSSION Export and Restricted Localization of M-Spondin
Protein at the Muscle Attachment Sites
Identi®cation of the F-Spondin Superfamily
Several lines of evidence indicate that M-spondin protein
is a secretory protein localized restrictedly at the ECM. TheThe M-spondin (mspo) gene was named for its expression
in muscles and its striking sequence similarity to vertebrate ®rst comes from the structural feature of M-spondin. The
protein contains a signal sequence and six potential N-F-spondin. F-spondin was originally cloned from rats as a
secreted molecule expressed at high levels in the ¯oor plate linked glycosylation sites, but not any putative transmem-
brane domain. M-spondin is highly homologous to a se-(Klar et al., 1992). It has been postulated that F-spondin
functions as an ECM molecule that supports neural cell creted protein F-spondin and contains a TSR, which is pres-
ent in a variety of ECM molecules including thrombospon-adhesion; recombinant F-spondin can promote the attach-
ment of spinal cord and sensory neuron cells and the out- dins. A second one is that recombinant M-spondin protein
produced by transfected S2 cells could be recovered fromgrowth of neurites in vitro. Similarly, based on our present
®ndings, we suggest that M-spondin functions as an ECM the conditioned medium by immunoprecipitation. Further-
more, a large fraction of the secreted M-spondin was foundcomponent that supports muscle±apodeme attachment.
There are three domains conserved between Drosophila to be associated with the matrix components deposited on
the surface of the culture ¯ask. Finally, M-spondin proteinM-spondin and vertebrate F-spondin. One of them is a pre-
viously identi®ed repeating motif, called the thrombospon- was found to be tightly restricted to the MASs in embryos.
The tissue distribution of M-spondin protein was remark-din type I repeat (TSR). Although TSRs have been found in
a variety of proteins from diverse animal species, M-spondin ably different from that of the transcript, indicating its high
degree of diffusibility in vivo.is the ®rst to be reported to contain this motif in Drosoph-
ila. There is much evidence that implicates TSRs in cell The discrepancy between the mRNA expression and sites
of protein localization has been reported for other ECMadhesion (for reviews, see Bornstein and Sage, 1994;
Bornstein, 1995). For example, proteolytic fragments of molecules in Drosophila (for review see Fessler et al., 1994).
For example, laminin, collagen IV, and tiggrin are synthe-thrombospondin that contain the TSRs, and synthetic pep-
tides having sequences corresponding to the TSR region of sized by hemocytes and fat body cells, and later become
associated with ECM in various tissues including MASs.thrombospondin, promote tumor cell adhesion and metas-
tasis (Prater et al., 1991; Tuszynski and Nicosia, 1996). Sim- The preferred localization of M-spondin suggests the exis-
tence of a speci®c receptor(s) at the MASs. The TSR domainilarly the TSR-containing fragments of thrombospondin can
promote neurite outgrowth from central and peripheral neu- of M-spondin may be involved in this process since the
motifs in thrombospondin and other molecules have beenrons (Osterhout et al., 1992; DeFretas et al., 1995). The
core domain of the TSR in malarial circumsporozoite (CS) shown to bind to a variety of cellular receptors including
CD36 (or GPIV, Asch et al., 1993), 60-kDa receptor (Tuszyn-protein confers the adhesive property of Plasmodium to its
target (Rich et al., 1990). ski et al., 1993), and integrin a3b1 (DeFretas et al., 1995).
We studied if PS integrins concentrated at the MASs areIdenti®cation of the other two conserved domains,
termed FS1 and FS2, de®nes a novel subfamily of ECM pro- required for the restricted localization of M-spondin. The
M-spondin accumulation, however, was found to be normalteins with TSRs. At present, functions of FS1 and FS2 are
unknown; however, the high conservation across species in the mutants lacking the activity of PS integrins. It should
be noted, however, that the localization of tiggrin, a ligandindicates their functional signi®cance. Aside from M-spon-
din, we have cloned two other Drosophila genes homolo- for PS2 integrin, at the MASs is also normal in mys mutants
(Fogerty et al., 1994). These results may suggest that thegous to F-spondin by the polymerase chain reaction (PCR)
using primers designed against sequences in the FS2 domain proper localization of these ECM molecules at the MASs is
mediated by multiple receptors.(K. Tatei and A.N., unpublished data). By use of the same
primers, two zebra®sh genes that are more similar to the We do not have a clear insight concerning the distribution
of the M-spondin protein in the CNS or PNS. AlthoughDrosophila M-spondin gene than to the vertebrate F-spon-
din gene were also cloned (S. Higashijima and H. Okamoto, mspo mRNA was expressed in a subset of neurons in the
CNS, we could not detect the protein expression in thepersonal communication). In addition, genome project in C.
elegans recently reported the sequence of a cosmid clone tissue presumably due to the low sensitivity of the antibod-
ies. However, it is possible that a low level of M-spondincontaining an F-spondin-like gene (F10E7.4, direct submis-
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